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1
STEPPED ELECTRIC FIELD DETECTOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed to an apparatus and
method for measuring low or trace concentration of com-
pounds in a mixture of gases. The apparatus and method are
used for separating ions of different mobilities by passing
them through an abrupt change or step in electric field mag-
nitude. By using the separation method and apparatus, com-
pounds of interest may be measured with less interference
from other components of a gas mixture which reduces or
eliminates the need for prior separation of the components of
the gas mixture.

2. Description of the Related Art

A large variety of methods and devices have been used to
identify or quantify components of gaseous mixture. Gas
chromatographs, mass spectrometers, ion mobility spectrom-
eters, photo ionization detectors and many other such devices
are currently employed to make these measurements. Appli-
cations for these are many and widely varied. They include
monitoring of pollutants in air, analysis of gas mixtures in
industrial applications, detection of explosives or toxins,
locating leaks in piping, identification of unknown com-
pounds, monitoring of chemical reactions and many more.
However, the apparatus and method described herein pro-
vides yet another method of detecting and measuring ioniz-
able compounds present in a gaseous mixture. It is sensitive
enough to measure low or trace concentrations of some com-
pounds and offers advantages over currently available detec-
tion technology under some conditions. It may be used as a
stand alone detector or in combination with a separation
device, such as, but not limited to, gas chromatography.

Over the years, several devices have been developed that
use ion mobility to detect or measure compounds in a gaseous
mixture. lon mobility spectrometers (IMS) are one of the
most common. Clement et al., “Instrumentation for Trace
Organic Monitoring,” (1992), Lewis Publishers, Inc., Chel-
sey, Mich. and Carr, “Plasma Chromatography,” (1984), Ple-
num Press, New York, N.Y. gave descriptions of IMS opera-
tions. Basically, an IMS collects a time of flight spectrum of
ions that have been allowed to drift through a region of con-
stant electric field. One or more ion gates allows a short pulse
of'ions to enter the drift region and a spectrum is collected as
a function of time after the gate is opened. The short gate open
times allow the different ions to separate completely and form
individual peaks in the spectrum.

Another type of common detector used with gas chromato-
graphs is the Electron Capture Detector or ECD. In this detec-
tor, a radioactive element, such as Nickel-63 is used to create
free electrons. Voltage is applied to two electrodes in the ECD
in short pulses. This causes the free electrons to move to one
of the electrodes and creates a detectible current. Pulses are
kept short enough that the electrons, which have extremely
high mobility, move to the collector, but the slower ions do not
have time to reach the electrode. The introduction of com-
pounds that capture electrons into the ECD reduces the num-
ber of free electrons and, thus, the current through the ECD is
reduced. Although the ECD does use difference in mobilities
to separate ions from free electrons, the ECD uses a pulsed
electric field.

U.S. Pat. No. 3,522,425 to Rich describes an apparatus and
method whereby ions of a particular mobility may be selec-
tively separated from ions of different mobility in a gas stream
and their abundance measured. This is accomplished by iso-
lating an ion bearing sample of gas in a conduit through which
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the gas flows at a predetermined rate and applying a prede-
termined electric field thereto so that the ions of desirability
are retained while ions of different mobilities are removed,
then discharging the retained ions and measuring the thus
obtained current pulse.

U.S. Pat. No. 4,271,357 describes a device used to detect
trace quantities of chemicals in air. It works by using a gas jet
to carry ions through a region of opposing electric field. The
lower mobility ions are carried through the region while the
higher mobility ions move upstream in the jet and eventually
wander out of the gas jet. However, each of these prior art
disclosures have certain drawbacks which are overcome by
the claimed apparatus and method. These and other advan-
tages of the invention will become apparent with reference to
the following description.

One of the problems with detection of trace levels of com-
pounds in gases is that the detectors often respond to compo-
nents of the original gas mixture. For example, halogenated
compounds readily form negative ions by capturing free elec-
trons. Their presence can then be detected by allowing them
to discharge on an electrode and measuring the resulting
current or by measuring the decrease in current from the free
electrons. The difficulty with this measurement technique is
that oxygen will also capture electrons and form negative
ions. When measuring halogenated compounds in air, the
oxygen, which makes up 21% of air, typically saturates the
detectors so the halogenated compounds can not be detected.
This requires the halogenated compounds to be separated
from the oxygen prior to being introduced into the detector.
However, oxygen has a higher mobility than most haloge-
nated compounds, so the electric fields in the SEFD may be
adjusted to trap the halogenated compounds at the screen
while allowing the oxygen to continue to move upstream. As
can be seen from the following disclosures, the invention is
capable of detecting very low concentrations of halogenated
compounds in air without any prior separation.

SUMMARY OF THE INVENTION

When exposed to an electric field, ions attempt to move in
response to the electrostatic force exerted on them. lons in a
gaseous mixture cannot move freely in the electric field
because interactions with the other molecules interfere with
their movement. This competition between the accelerating
force in the electric field and the resistance to movement
caused by molecular interactions results in a constant drift
velocity for the ions under steady state conditions. All ions of
the same type will move with the same drift velocity while
different ions will have a different drift velocity. Typically,
smaller, lower mass ions have a higher drift velocity since
they interact less with other gas molecules. lons with higher
drift velocities are said to have higher mobilities. The appa-
ratus described herein, is referred to in this document as a
Stepped Electric Field Detector (SEFD), which exploits dif-
ferences in ion mobilities to preferentially detect ions of
lower or higher mobility. It operates by ionizing the mol-
ecules present in the gas mixture and exposing them to an
electric field that causes them to move upstream in a flowing
gas stream. As they move upstream, the ions pass through an
electrically conductive screen or other porous conductor
placed across the flow path. On the upstream side of the
screen, the electric field is significantly less than on the down-
stream side. The magnitude of the electric field in this region
is set so that the drift velocity ofthe ions of interest is less than
or only slightly greater than the flow velocity of a gas, while
the higher mobility ions still have a drift velocity higher than
the gas flow velocity. Thus, the lower mobility ions either stop
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at the screen or move very slowly through it, making it very
probable that they will collide with the screen and give up
their charge which results in a measurable electric current
proportional to the concentration. The higher mobility ions
move much more quickly through the screen and so have a
much lower probability of colliding with and discharging on
the screen. It is much more probable that the higher mobility
ions will continue upstream and will give up their chargeon a
conductive plate at the upstream end of the detector. This also
results in a measurable current proportional to the concentra-
tion of the high mobility ions.

The present apparatus and method is sensitive enough to
measure low or trace concentrations of some compounds and
offers advantages over currently available detection technolo-
gies under some conditions. It is capable of detecting very low
concentrations of halogenated compounds in air without any
prior separation. It may be used as a stand alone detector or in
combination with a separation device such as, but not limited
to, gas chromatography. The invention will be better under-
stood by reference to the appended drawings and the detailed
description of the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be explained and objects, other than
those set forth above, will become apparent when consider-
ation is given to the following detailed description which
makes reference to the annexed drawings herein.

FIG. 1 is a schematic view of a stepped electric field detec-
tor (SEFD) as described herein configured for detecting low
mobility ions;

FIG. 2 shows the SEFD configured to measure high mobil-
ity ions that have been separated from low mobility ions; and

FIG. 3 shows a dual current amplifier configuration that
allows simultaneous measurement of both the low and high
mobility ions.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

With reference to FIG. 1, the apparatus shows one embodi-
ment of the invention in which an apparatus and method are
used to measure components of gaseous mixtures. The appa-
ratus comprises a chamber 1 having a gas inlet 2 at one end
and a gas exit 3 at the opposite end. The current embodiment
of the device uses a cylindrical chamber, but chambers with
cross-section geometries other than circular could be used as
well.

Gas inlets 2 and exits 3 may be any type of opening or set
of'openings in the chamber that allows gas to flow in or out of
the chamber. They may include baffles, screens or other
devices to create a more uniform gas flow or control the gas
flow in any manner. Gas flow through the chamber from the
inlet to the exit may be provided by pumps, fans, blowers,
compressors, compressed gas tanks or any other device that
could generate a constant flow of gas. Gases of particular
interest includes halogenated compounds, including fluoro-
carbons, such as Freon, and most particularly SF.

The chamber 1 is divided into two regions by an electrically
conductive screen 4. A grid of wires, a set of parallel wires, a
porous plate or any similar divider may be used in place of the
screen 4. Requirements for this divider are that it is electri-
cally conductive and allows gas to flow through without sig-
nificantly changing the gas velocity. A conductive ring will
actually work, although it may not be as efficient as other
arrangements. For convenience, in the following descrip-
tions, the divider will be referred to simply as the screen.
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When configured for the detection of low mobility ions as
shown in FIG. 1, the screen 4 is connected to the input of a
sensitive current amplifier 7 which produces an output volt-
age proportional to the electric current.

The end of the chamber where the gas inlet is, or upstream
end, is terminated by an electrically conductive plate, screen,
grid or other device that provides an approximately planar
electrically conductive surface. For convenience, this electri-
cal conductive surface is referred to hereinafter as end plate 5.
This end plate 5 is electrically insulated from screen 4. A
voltage is applied to end plate 5 to create an electric field
between end plate 5 and screen 4. This voltage may be created
with a suitable battery, power supply or other similar device.
This voltage may be adjusted to maximize the separation of
the lower mobility ions to be detected on screen 4 and higher
mobility ions to be detected on the end plate 5. Typically, the
drift velocity of the ions to be trapped on the screen 4 should
be less than or just slight greater than the gas flow velocity
while the drift velocity of the high mobility ions to be dis-
charged on the end plate 5 should be significantly greater than
the gas flow velocity.

The end of the chamber where the gas exits, or downstream
end, is terminated by another plate, screen or other device that
provides an approximately planar electrically conducting sur-
face. For convenience, this electrically conductive surface
will be hereinafter described as end plate 6.

Downstream end plate 6 is also electrically insulated from
screen 4. The voltage is applied to end plate 6 to create an
electric field between end plate 6 and the screen 4. This
voltage may be created with suitable batteries, power supply
or similar devices. The plurality and magnitude of this voltage
should be adjusted such that all ions of the polarity of interest
will drift toward screen 4 with a drift velocity significantly
greater than the gas flow velocity. Since the electric field on
the downstream side of the screen 4 is greater than the electric
field onthe upstream side of screen 4, an abrupt change or step
in the electric field is created at the screen 4.

The output of the current amplifier 7 may be connected to
a volt meter, chart recorder, oscilliscope, analog to digital
convertor or any other voltage display or recording device.

An ionization device 8 is placed on the downstream end of
the chamber. This may be a radioactive material, a corona
discharge device, a photo-ionization or chemical ionization
device, or any other device that will ionize the molecules of
interest. The ionization may take place in the chamber or a
stream of ionized molecules may be injected into the chamber
near the downstream end.

Compounds to be detected may be included as part of the
gas flowing through the chamber, mixed with this gas prior to
its entering the chamber or introduced into the chamber sepa-
rately through another port (not shown). If the flow of sample
gas is small compared to the flow of primary gas flowing
through the chamber, it may be introduced into the chamber at
any point without disrupting the operation of the SEFD.

FIG. 2 shows the SEFD configured to measure high mobil-
ity ions that have been separated from low mobility ions. As
can be seen therein, current amplifier 7 is applied to end plate
5 rather than to screen 4 as in FIG. 1.

In FIG. 3, current amplifiers 7 are applied both to the end
plate 5, as well as screen 4, thereby moditying the embodi-
ments of FIGS. 1 and 2. The dual current amplifier configu-
ration of FIG. 3 allows simultaneous measurement of both the
low mobility and high mobility ions. This configuration
requires that the current amplifier provide the proper voltage
bias to the screen 4 and end plate 5 on their inputs.

A further variant of the invention shown in FIGS. 1-3 is to
place multiple screens (not shown) in the SEFD. If a screen is
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connected to a current amplifier and biased at voltages nec-
essary to create appropriate steps in the electric field, it would
be possible to trap and measure ions with successively higher
mobilities. The principal of operation remains unchanged in
such an embodiment and this is just a variation of the previ-
ously disclosed embodiments of the invention.

ADVANTAGES OF THE INVENTION

The SEFD is unique in its simplicity and its ability to both
separate and detect compounds. It has no moving parts, noion
gates and no varying or switching voltages. The only elec-
tronics are the two constant voltage supplies on the respective
ends of the cylinder and the current amplifier. Because it does
not make time dependent measurements of rapidly changing
events, the current amplifier may be designed with a slow
response time that matches the time required for the gas to be
flushed out of the chamber. This allows more flexibility in
gain and noise characteristics. Furthermore, as the SEFD
operates continually without stopping, switching or trapping
the ion flow, 100% of the ions enter the measurement region
which results in better efficiency and lower limits of detec-
tion. Many devices based on ion mobilities use ion gates that
only allow a small fraction of the created ions to enter the
measurement region. Furthermore, simplicity of the dis-
closed apparatus allows it to be miniaturized and/or manu-
factured very inexpensively. Another advantage of the SEFD
is the capability to detect either positive or negative ions
depending only on the polarity of the applied voltages. Other
detectors, such as the ECD, are limited to ions of one polarity.

The SEFD provides both separation and detection in one
small package and maybe configured to detect compounds in
air without any additional separation. This has immediate
applications in atmospheric monitoring. The SEFD may be
also be configured to monitor for explosives or toxins that
would indicate terrorist activities. It may also be used to
monitor industrial processes, check for leaks, monitor for
accidental releases of chemicals in factories, monitor for pol-
lutants, check for the presence of pesticides and many other
commercial applications.

The SEFD may also be configured as a gas chromatograph
detector where it could replace the ECD in many applications
while offering the ability to detect positive ions which the
ECD cannot do. Its integral separation capabilities may pro-
vide better detection of co-eluding peaks.

DESCRIPTION OF PARTICULARLY
PREFERRED EMBODIMENTS

An SEFD prototype currently in use is configured to mea-
sure low mobility ions as shown in FIG. 1. The chamber 1 is
constructed of a polytetrafluoroethylene material, commer-
cially known as “TEFLON.” It is cylindrical and one inch in
diameter. Screen 4 is a stainless steel screen with 72% open
area. It is approximately 0.375 inch from the screen to the
downstream end of chamber 3. The downstream end of the
chamber is formed by a metal tray containing a radioactive
foil which serves as the ionization device 8. The tray is about
0.125 inch deep so that the radioactive foil is about 0.5 inch
from the screen. The upstream end of the chamber is about
0.125 inch from the center screen and is formed by a second
stainless steel screen with about 30% open area. The gas is
introduced into the chamber through the screen.

This embodiment of the SEFD has been used to measure
sulfur hexafloride (SFy) in air. The downstream end was
biased at —105 volts, the upstream end as +1.5 volts and the
gas flow rate was set to approximately S00 ml/minute. In this
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6

configuration, the SEFD is capable of detecting less than one
part per million of SF; in air. However, it is within the skill of
the art that the parameters given here may be adjusted to
optimize operation for different purposes.

From all the foregoing, it will be apparent to those skilled
in the art that many minor changes may be made in the
specific form of the apparatus and method disclosed herein,
which are provided only for purpose of illustration and not by
way of limitation. It is, therefore, not intended that the scope
of'the invention be limited in any way through various modi-
fications of the apparatus and method as will become appar-
ent by those of ordinary skill in the art upon reading the
instant disclosure.

We claim:

1. An apparatus for detecting ionized compounds in a gas-
eous mixture comprising:

(a) a chamber through what a gaseous mixture containing

the ionized compounds is passed;

(b) an electric field created in the chamber by placing
conductive or semi-conductive elements at both inlet
and outlet ends of the chamber, each of said elements
connected to an electric voltage source;

(c) dividing the chamber into at least two regions by plac-
ing at least one permeable conductor or semi-conductor
across the chamber connected to a voltage source which
is different from the voltage source connected to said
elements, thereby creating an abrupt change (or step) in
electric field strength so that the field strength in a region
of the chamber on one side of the divider is significantly
different from the electric field strength in the region of
the chamber on the other side of the divider while main-
taining the electric field parallel in each of the regions.

2. The apparatus of claim 1, further comprising an ioniza-
tion device with said chamber.

3. The apparatus of claim 2, wherein said ionization device
is adjacent said outlet end.

4. The apparatus of claim 1, further comprising a current
amplifier electrically connected to said permeable conductor
or semi-conductor.

5. The apparatus of claim 4, wherein said permeable con-
ductor or semi-conductor is a screen.

6. The apparatus of claim 1, comprising at least a second
permeable conductor or semi-conductor positioned in said
chamber, said at least a second conductor or semi-conductor
being connected to a source of voltage different from the first
conductor or semi-conductor.

7. The apparatus of claim 6, further comprising a current
amplifier electrically connected to each of said at least one
and said second permeable conductor or semi-conductor.

8. The apparatus of claim 1, further comprising a current
amplifier attached to said inlet end.

9. The apparatus of claim 1, further comprising a current
amplifier attached to said inlet end and said at least one
permeable conductor or semi-conductor.

10. The apparatus of claim 1, wherein at least one of the
inlet or outlet ends comprise at least one member selected
from the group consisting of baffles and screens.

11. The apparatus of claim 4, further including at least one
voltage display or recording device selected from the group
consisting of a voltmeter, chart recorder, oscilliscope and
analog to digital converter.

12. The apparatus of claim 8, further including at least one
voltage display or recording device selected from the group
consisting of a voltmeter, chart recorder, oscilliscope and
analog to digital converter.

13. A method of detecting ionizable compounds present in
a gaseous mixture,
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said method comprising:

generating a flow of gas containing said ionizable com-
pound through a chamber from an inlet end to an
outlet end thereof;

passing the gas through an electrically conductive or
semi-conductive divider element positioned within
said chamber;

providing a voltage on said divider element and both
ends of the chamber such that an abrupt change (or
step) in the electric field strength is created at the
divider element so that the electric field strength in a
region of the chamber on one side of the divider is
significantly different from the electric field strength
in the region of the chamber on the other side of the
divider while maintaining the electric field strength
parallel in each of the regions; and

detecting the ions by measuring the electric current gen-
erated by ions releasing the charge on the divider
element or at the ends of the chamber.

14. The method of claim 13, further comprising providing
a current amplifier on said divider.
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15. The method of claim 13, further comprising providing
a current amplifier on said inlet end.

16. The method of claim 13, further comprising providing
several dividers in said chamber and providing each of the
dividers with a voltage different from the voltage of each
other divider as well as from the inlet and outlet ends such that
an abrupt change (or step) in the electric filed strength is
created at each divider.

17. The method of claim 13, comprising creating ionized
molecules outside the chamber.

18. The method of claim 13, comprising creating ionized
molecules within the chamber.

19. The method of claim 13, wherein the gaseous mixture
comprises air.

20. The method of claim 13, wherein the gas comprises a
halogenated compound.

21. The method of claim 20, wherein the gas is a fluoro-
carbon.

22. The method of claim 20, wherein the gas is SF.
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